Using genome editing and advanced light microscopy, a recent study has offered new insights into the dynamic assembly and disassembly of the exocyst complex during vesicle tethering and membrane fusion.
Exocytosis -the transport of secretory vesicles to the plasma membrane for fusion -plays important roles in cell morphogenesis, growth, division, migration and signaling. The exocyst is an evolutionarily conserved heterooctameric complex consisting of Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70 and Exo84 subunits [1] [2] [3] . The primary function of the exocyst is to mediate the tethering of secretory vesicles to the plasma membrane before SNAREmediated fusion [4] . Using CRISPR-Cas9-mediated gene editing, light microscopic imaging and correlation spectroscopy, Ahmed and colleagues [5] have now provided us with new insight into the dynamics of the exocyst complex during exocytosis.
Since the early purifications from yeast in 1995 [1, 2] , intensive effort has been made to understand the architecture and assembly of the exocyst complex [6] . Two interaction studies in yeast and mammalian cells have suggested the existence of two subcomplexes consisting of Sec3-Sec5-Sec6-Sec8 ('subcomplex I'), and Sec10-Sec15-Exo70-Exo84 ('subcomplex II'), respectively [7, 8] . Most recently, cryo-electron microscopy studies revealed that the formation of the two subcomplexes is mediated by fourhelix bundles consisting of the conserved CorEx ('core of exocyst') motif from each of the subunits [9] . The two subcomplexes then, like two hands, clasp each other to form the octameric holo-complex [9] .
While the structural studies have advanced our understanding of the fully assembled exocyst complex, it is also important to elucidate how the exocyst assembles during vesicle transport, tethering and fusion. To understand the dynamics of exocyst assembly in exocytosis, earlier work by Boyd and colleagues [10] elegantly combined fluorescence recovery after photobleaching (FRAP) and immunogold electron microscopy to monitor each of the eight subunits of the complex in yeast cells. They demonstrated that a subset of exocyst subunits (Sec5, Sec6, Sec8, Sec10, Sec15, Exo84 and some of Exo70) ride the vesicles along the actin cables to the daughter cell ('bud'), where they assemble with Sec3 at the plasma membrane. Also using yeast, Donovan and Bretscher [11] reported that the secretory vesicles are tethered to the plasma membrane for around 18 seconds until membrane fusion, and that Sec3, Sec5 and Sec15 leave the vesicles coincident with fusion. These studies have provided important information on the dynamics of exocyst action during exocytosis in yeast. However, some questions remained open: how are the exocyst subunits organized on the vesicles? Is there pre-assembly of the subunits before recruitment onto the vesicle? Moreover, how is the exocyst assembled during exocytosis in mammalian cells? A major challenge to the tracking of the exocyst in mammalian cells is that overexpression of individual exocyst subunits may cause their mislocalization, aggregation and degradation [12] . By silencing endogenous Sec8 and replacing it with Sec8-RFP at a low expression level, Rivera-Molina and Toomre [12] showed that, in HeLa cells, Sec8 arrives at the plasma membrane on vesicles around 7.5 seconds prior to vesicle fusion and leaves 2 seconds after fusion.
In the new study, Ahmed et al. [5] used CRISPR-Cas9-mediated gene editing to generate an array of cell lines expressing exocyst subunits tagged with fluorescent proteins. Immunoprecipitation experiments revealed the interactions of all the exocyst subunits and their known binding partners such as small GTPases in these cells, confirming the functionality of the tagged exocyst subunits. When Sec8, a component of subcomplex I, was silenced, subcomplex I was disrupted while subcomplex II remained intact. Conversely, silencing of Sec10 led to the loss of subcomplex II components while subcomplex I remained intact [5] . This observation suggests that the connectivity of mammalian exocyst subunits is similar to that in yeast [8, 9] and is consistent with a recent finding that the cryo-EM structure of human exocyst is very close to the yeast counterpart [13] . Structure-based sequence alignment suggests that the CorEx motifs, which likely mediate the core assembly of the complex, are conserved in mammals and yeast [9] .
When Sec10 was silenced, Sec3 and Sec5 remained associated with the plasma membrane, while Exo70 lost association with the vesicle and plasma membrane. Conversely, silencing Sec8 or Sec3 caused disassociation of Sec5 but not Exo70 from the plasma membrane [5] . These data suggested that each of the two subcomplexes could associate with the vesicles and plasma membrane in the absence of the other [5] . However, either one of the subcomplexes alone was not sufficient to promote membrane fusion.
When and where are these exocyst subcomplexes formed? When do they assemble into the holo-exocyst complex? Ahmed and colleagues [5] addressed these questions by combining time-lapse total internal reflection fluorescence microscopy (TIRFM) and fluorescence cross-correlation spectroscopy (FCCS). Similar to the arrival of vesicles marked by Rab11, GFP-tagged Sec3, Sec5, Sec6 and Exo70 all arrive at the plasma membrane 10-14 seconds prior to fusion, suggesting that the exocyst arrives at the plasma membrane with the secretory vesicles [5] . This arrival time is similar to previous reports in both mammals and yeast [11, 12] . Strikingly, while Sec8 and Sec5 arrive together near the plasma membrane, Exo70 arrives 77 milliseconds later than Sec5 [5] , suggesting that, even though subcomplex I and subcomplex II arrive at the plasma membrane together with the vesicles, they can arrive independently and then assemble into the holo-exocyst complex at the plasma membrane. Furthermore, FCCS revealed that 70% of Sec8 was coupled to Sec5, and 50% of Sec8 was associated with vesicles, whereas the other half was freely diffusing, suggesting that a fraction of the exocyst subcomplexes is pre-assembled in the cytoplasm before being loaded onto the vesicles [5] .
Interestingly, while Sec5, Sec6 and Exo70 depart at a median time of 1.3 seconds after fusion, Sec3 departs 0.4 seconds prior to fusion, implying a distinct role of Sec3 in vesicle tethering and membrane fusion [5] . Consistent with its earlier departure from the fusion site, Sec3 also showed higher mobility on the plasma membrane and lower abundance at the intercellular junctions of epithelial cells than other exocyst subunits [5] . In yeast, Sec3 binds to the t-SNARE protein Sso1/2 (the yeast homologs of syntaxin) to promote the formation of the initial binary t-SNARE complex (Sso1/2-Sec9) before the subsequent v-SNARE protein joins the t-SNAREs for fusion; Sec9 then displaces Sec3 from Sso1/2 as Sec9 binds to Sso1/2 to form the binary complex [14] . Although Sec3 is a subcomplex I subunit, its binding to the (A) The assembly of the exocyst complex in mammalian cells (based on [5] ). Before being loaded onto the secretory vesicles, Sec3, Sec5, Sec6 and Sec8 (subcomplex I components) and Sec10, Sec15, Exo70 and Exo84 (subcomplex II components) begin to assemble into subcomplexes. The two subcomplexes are recruited to the vesicle independently. Upon arrival at the plasma membrane, the two subcomplexes assemble into the holo-exocyst complex to tether the vesicle onto the plasma membrane. Right before fusion, Sec3 is released from the exocyst complex. After fusion has begun, the remaining exocyst subunits leave the fusion site. (B) The assembly of the exocyst in yeast (based on [10, 11] ). Sec3, and maybe some of the Exo70 proteins, are located at the plasma membrane, while the other seven exocyst subunits are carried by the vesicle. When the vesicle arrives at the plasma membrane, Sec3 interacts with other subunits to form the holo-exocyst complex, which tethers the vesicle to the plasma membrane. Colored ovals represent the individual exocyst subunits; V, secretory vesicle; PM, plasma membrane; SN, SNARE proteins. other members of this subcomplex seems weaker than the association between these other subcomplex I subunits. However, Sec3 is indispensable for the assembly of this subcomplex because its silencing significantly reduced the interactions between Sec5 and Sec8 [5] . It is also intriguing that, even though mammalian and yeast Sec3 are predicted to be very similar in structure, both containing an amino-terminal pleckstrin homology (PH) domain, the long coiledcoil CorEx motif and an extended helical rod at the carboxyl terminus, their characteristics appear to be quite different. Mammalian Sec3 is found on the vesicle prior to fusion, whereas in yeast Sec3 is located at the plasma membrane before the arrival of the vesicles [10] .
The current study by Ahmed et al. [5] describes the dynamics of exocyst assembly in mammalian cells, from which a model of exocyst assembly and disassembly during exocytosis can be proposed (Figure 1 ). Before being loaded onto the secretory vesicles, the exocyst subunits begin to assemble into their subcomplexes. Then subcomplex I and subcomplex II are independently recruited to the vesicles. Once arriving at the plasma membrane, the two subcomplexes assemble into the holoexocyst complex to tether the vesicle to the plasma membrane and promote the subsequent membrane fusion. Right before fusion happens, the exocyst complex disassembles to release Sec3. Then the other subunits leave the fusion site 2 seconds after fusion.
This new exocyst movie raises a number of further questions. When are subcomplex I and subcomplex II loaded onto the vesicles? Is there an inhibitory mechanism that prevents the two subcomplexes from assembling into the holo-exocyst complex before the arrival of the secretory vesicles at the plasma membrane? If so, how is the inhibition removed when the vesicles arrive at the sites of secretion? Also, why do the vesicles, the tethering machinery, and some tethering regulators [5, 11, 12] remain at the plasma membrane for 12-18 seconds, and what happens during this period of time? Last but not least, how is the assembly of the exocyst regulated in different cellular contexts and under different pathophysiological conditions? No doubt more exocyst sequels will follow.
Many ant species have complex caste systems, with reproductive queens and sterile workers, which often play distinct roles in the maintenance and defense of the colony. A new study sheds light on how these worker caste systems evolved and the mechanisms by which totipotent larvae give rise to the alternative adult castes.
The ant genus Pheidole contains more than a thousand species [1, 2] that produce colonies with two distinct nonreproductive castes: small-bodied workers and large-bodied soldiers, the latter of which often have exceptionally large heads and mandibles. Any larva can develop into either a worker or a soldier, governed largely by the nutritive and pheromonal signals it receives. But soldiers are not just large-bodied workers. When a larva is set on a soldier-bound trajectory, it not only grows to be larger, but the scaling relationship among its
